ABSTRACT Two experiments involving 115 pigs were conducted to assess the efflcacy of a microbial phytase (Allzyme Phytase Th' ; Alltech, Nicholasville, KY) produced by Aspergillus niger in low-P, cornsoybean meal-based diets. The phytase supplement contained 50 phytase units/g and 1.43% P. In Exp. 1, growing-finishing pigs were fed fortified corn-soybean meal diets formulated to be adequate (.50%) or inadequate ( .30%) in P during the growing phase (38 to 57 kg BW) followed by adequate (.40%) or inadequate (.30%) P, respectively, during the finishing phase ( t o 101 kg BW). Dicalcium phosphate was the source of supplemental P. Half the diets were supplemented with phytase a t 500 phytase unitskg. Rate and efficiency of gain and bone breaking strength were decreased ( P < .01) when the low-P diet was fed. Adding phytase to the low-P diet restored performance and bone breaking strength ( P .O 1) to levels that approached those of pigs fed the adequate-P diet. In Exp. 2, growing pigs ( 13 kg BW), were fed a low-P (.32% total P; .048% available P ) basal diet supplemented with graded levels of monosodium phosphate to provide 0, .075, and .15% added P or with phytase to supply 250, 500, 1,000, or 2,000 phytase unitskg. Chromic oxide was included as an indigestible marker for determining apparent absorption and fecal excretion of P. Performance and bone strength increased linearly with added monosodium phosphate ( P < .O 1) and with increasing levels of supplemental phytase ( P < .05). A portion of these increases from phytase was attributed to the P supplied by the phytase mix (.007, .014, .028, .057%, respectively). Based on bone strength and total and available P intakes, the four levels of phytase increased the bioavailability of the P in the corn-soybean meal mixture by 4, 5, 8, and 15 percentage units, respectively. Approximately 4, 7, 10, and 15% of the unavailable P was made available by the four levels of phytase, respectively. Phytase increased ( P < .O 1) the apparent absorption of the corn-soybean meal P.
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J. h i m . Sci. 1995. 73:449-456 The majority of the P in cereal grains, oilseed meals, and byproducts that originate from seeds occurs as the organic complex, phytate (Nelson et al., 1968; Reddy et al., 1982) . Phosphorus in this form is poorly available to nonruminants because they lack phytase, the enzyme that cleaves the phosphate groups from the phytate molecule (Taylor, 1965; Nelson, 1967; Peeler, 1972 , Cromwell, 1979 . Conversely, ruminants readily utilize phytate P because of the abundance of phytase produced by ruminal microorganisms (Reid et al. 1947) . Only approximately 10 to 15% of the P in corn and approximately 25% of the P in dehulled soybean meal is available to pigs (NRC, 1988; Cromwell, 1992) . Because of the large amount of unavailable P in these two feedstuffs, a substantial amount of P is excreted in the manure. This poses an environmental concern, especially in those areas of the world where land and water resources are scarce and livestock population density is high (Cromwell and Coffey, 1991) .
Sufficient P is present in corn and soybean meal to meet the P requirements of pigs, if a significant amount of the phytate P could be made available. In recent studies at our station (Crornwell et al., 1993a (Crornwell et al., ,b, 1994 , a microbially derived phytase (FINASE", 190 to 550 phytase units/g) and a recombinant phytase (Natuphos", 5,000 phytase units/g) were found t o improve the bioavailability of the P in soybean meal and in a corn-soybean meal mixture. These two sources of phytase also have been shown by others to improve the utilization of dietary P (Simons et al., 1990; Jongbloed et al., 1992; Lei et al., 1993a,b; Mroz et al., 1993; Young et al., 1993) . The purpose of this research was to evaluate the efficacy of a less concentrated source of phytase as a means of improving the bioavailability of P in corn and soybean meal.
Experimental Procedures
Two experiments involving 115 pigs were conducted to assess the efficacy of phytase in improving the bioavailability of P in corn-soybean meal diets for pigs. The phytase supplement used in this study (Allzyme Phytase TM ; Alltech, Nicholasville, KY) was produced by a wild strain of Aspergillus niger. The phytase activity of the supplement was 50 unitdg, or approximately 10 times greater than the phytase activity of normal Aspergillus niger (Newman, 1991) . However, the phytase activity was considerably less than that of another mutant strain of Aspergillus niger that we previously tested (190 t o 550 phytase units/g; Cromwell et al., 1993131, or than that of a product produced by a recombinant Aspergillus niger (5,000 phytase units/g; Cromwell et al., 1993a Cromwell et al., , 1994 . A phytase unit is defined as the amount of enzyme that liberates 1 pmol of orthophosphate per minute from 1 mmol of phytic acid at 37°C and pH 5.5. The enzyme supplement also analyzed 1.43% P, 70% of which was assumed to be available (i.e., 1.00% P). Experiment 1. Eighty Yorkshire pigs, initially averaging 38.2 kg BW, were randomly allotted to treatments from outcome groups of weight within sex. Randomization was restricted in that littermates were not allowed in the same pen. The pigs were penned in groups of four (sex-ratio was constant across replications) in concrete-floored pens (1.2 m x 6.6 m ) with an open-front shelter. There were five replications per treatment.
The pigs were allowed ad libitum access to feed from wooden, two-hole self-feeders and to water from frost-proof, automatic water fountains. The pigs were weighed and feed intake was determined biweekly, or weekly toward the end of the experiment. The pigs were individually removed from test when they reached 100 kg BW. The average final weight was 101.2 kg.
Corn-soybean meal diets (Table l ) , fortified with vitamins and minerals to meet or exceed NRC ( 1988) standards (except for P ) , were fed. Diets were formulated to contain .80% lysine during the growing phase of the experiment ( t o approximately 57 kg BW) and .65% lysine during the finishing phase.
LLysine.HC1 was included in the grower diets so that the proportion of corn and soybean meal remained approximately the same in both the growing and finishing diets.
Two treatments consisted of dietary P levels of .50 and .30% during the growing stage followed by .40 and .30% P, respectively, during the finishing phase. All the P in the low-P diet (.30% P ) originated from the corn and soybean meal. The amount of available P in the basal diet was estimated at .05%, based on P availabilities of 12% in corn and 25% in dehulled soybean meal (NRC, 1988; Cromwell, 1992) . Feedgrade dicalcium phosphate was the source of supplemental P. Ground limestone was used to adjust the Ca level to .60 and .50%, respectively, during the two periods. The high-P dietary sequence (.50% P in grower, .40% P in finisher) provided sufficient levels of P to meet the requirements of pigs from 20 to 50 kg and from 50 to 110 kg, respectively (NRC, 1988) . Two additional treatments were these same diets with phytase added at 500 unitskg of diet. The phytase supplement supplied .014% additional P to the two diets. The diets were fed in meal form. At the end of the experiment, three pigs in each pen (the same sex-ratio in each replication) were killed (electrically stunned followed by exsanguination) and the third and fourth metacarpals and metatarsals were removed from the front and rear feet, respectively, for breaking strength determination. Bone breaking strength was determined on fresh bones with an Instron testing machine (Model TM, Instron, Canton, MA), according to previously described methods (Cromwell et al., 1972 (Cromwell et al., , 1993b . Breaking strength is defined as the amount of force ( i n kilograms), applied at the center of the bone, that was required to break the bone when held by two supports spaced approximately 3.5 cm apart. The breaking strengths of the metacarpals and metatarsals for each pig were averaged.
Experiment 2. This experiment was conducted to assess the effects of phytase on the bioavailability of P and to determine how much of the unavailable P in a corn-soybean meal mixture was made available by the phytase. Thirty-five Hampshire-Yorkshire pigs, initially averaging 13.0 kg BW, were randomly allotted to treatments as previously described. The pigs were housed individually in elevated pens ( . 6 m x 1.2 m with expanded metal floors in a temperature-regulated building. Pigs were allowed to consume feed The grower and finisher diets contained .80 and .65% lysine and .60 and ,508 Ca, respectively. bTwo dietary P sequences were fed during the growing and finishing stages. They were 50% P followed by ,408 P, and ,307~ P followed by .30% P, respectively. These diets were fed without and with the phytase supplement.
'The four diets without phytase analyzed .51, .32, .38, and ,318 P, and the four diets with phytase analyzed .55, .32, .43, and ,31% P, respectively. fThe supplement was added a t 1% in lieu of corn in one-half of the diets. The supplement contained 50 phytase unitslg and 1.43% P. At 1% of the diet, the supplement supplied 500 phytase unitskg of diet and .014% P.
from stainless steel self-feeders and water from nipple waterers on an ad libitum basis. The pigs and feed were weighed at weekly intervals. The basal was a corn-soybean meal diet containing .95% lysine, .32% P, and .75% Ca (Table 2 1. This diet was adequate in all nutrients for the 20-to 50-kg pig (NRC, 19881, except for P. All the P originated from the corn and soybean meal, and the available P was calculated to be .048% (NRC, 1988; Cromwell, 1992) . Three treatments consisted of the basal diet, and the basal with two levels of monosodium phosphate (NaH~P04.Hz0, analytical grade, 22.4% P, Fisher Scientific, Cincinnati, OH), a highly available source of P, which provided .075 and .15% added P. These three diets were calculated to contain .048, .123, and .198% available P. Four additional treatments were the basal diet with supplemental phytase added to supply 250, 500, 1,000, or 2,000 phytase unitskg of feed. These diets were calculated to contain .327, .334, .348, and .377% total P and .053, .058, .068, and .088% available P, respectively.
Chromic oxide was included at .25% in all diets during the final 2 wk of the test as a nondigestible marker. Each diet was fed in meal form to five pigs for 42 d. During the last week of the experiment, fresh feces were collected from each pig during two 2-h periods a t 24-h intervals. The two samples were subsequently pooled, dried in a forced-air oven, and ground. Representative samples of the diets and feces were wet-ashed in a mixture of nitric acid and perchloric acid (4:1, vo1:vol) and analyzed for Cr by atomic absorption spectrophotometry (Model 511, Thermo Jarrel Ash Corp., Franklin, MA). Representative samples of the diets and feces were dry-ashed overnight at 500°C in a muffle furnace and analyzed for P by a gravimetric procedure (AOAC, 1984) . Apparent absorption of P was determined by the indirect method (Young et al., 1991) .
At the end of the experiment, the pigs were humanely killed and the third and fourth metacarpals and metatarsals and the femurs were collected for breaking strength determinations. The procedures were the same as in Exp. 1, except that the supports for the femurs were spaced 8.5 cm apart. The procedures for estimating the bioavailability of P in the basal diet resulting from the addition of phytase were described in a previous paper (Cromwell et al., 1993b) . The procedure involves regressing bone breaking strengths of pigs fed the basal diet and the diets containing the two levels of monosodium phosphate on the amount of total and estimated available P consumed per day to generate a standard curve. Daily intakes of total and available P were calculated by multiplying daily feed intake by the total and available P contents of the diets. Bone strengths of the pigs fed the various levels of phytase also were plotted against available P intake, assuming .048% available P in the basal diet and .053, .058, .068, and .088% available P in the phytase diets. The available P intake then was re-estimated from the standard curve to assess the additional P that became available due to the presence of phytase.
Statistical Analyses. The data were analyzed as a randomized complete block design (Steel and Torrie, respectively. fSupplied 110 mg of chlortetracycline per kilogram of diet. gThe supplement contained 50 phytase unitdg and 1.43% P. The supplement was added to the low-P diet at levels of .5, 1.0,2.0, and 4.0%. These levels supplied 250,500, 1,000, and 2,000 phytase unitskg of diet. These levels also supplied ,007, ,014, .028, and .057%' P, 70% of which was considered available.
1980). The treatments in Exp. 1 were analyzed as a 2 x 2 factorial with partitioning of the main effects of P level contributed by corn and soybean meal, phytase level, and the interaction. In Exp. 2, the basal and the two levels of monosodium phosphate were tested for linearity and curvilinearity, using polynomial coefflcients, and the basal was compared with the mean of all phytase levels. Also, polynomial coefficients for unequally spaced treatments were used to determine linear and curvilinear contrasts within the four levels of phytase. The ORPAL matrix function of the IML procedure of SAS ( 1985 ) was used to generate the coefficients. The pen was considered the experimental unit in both experiments.
Results
The corn and soybean meal used in these experiments averaged .25 and .67% P, which was approximately the same as that listed by the NRC (1988). The P concentrations in the diets were within the expected range (Tables   1 and 2 l. Experiment l . Rate and efficiency of gain and bone breaking strength were reduced ( P < .01) as level of dietary P was decreased in the diet (Table  3 ) . However, the reductions in performance and bone strength were less pronounced when phytase was included in the diet. This pattern resulted in a phytase x P interaction that was significant for feeagain and bone strength ( P < .O 1). The addition of phytase improved performance and bone strength in pigs ( P < .01 for bone strength), the greatest effect being in those fed the low-P diet.
Experiment 2. The addition of monosodium phosphate to the low-P basal diet linearly ( P < .O 1) improved growth rate, feeagain ratio, and breaking strength of the metacarpals, metatarsals, and femurs ( Table 4 ). The addition of phytase also increased growth rate ( P < .Ol), feed intake ( P < .05), and bone strength ( P < .O 1) above those for pigs fed the low-P basal diet. Within the phytase treatments, the responses t o increased phytase levels were linear ( P < .O 1 j for feedgain and bone strength. Metacarpal-metatarsal and femur breaking strengths of pigs fed the basal diet and the two diets containing monosodium phosphate were regressed on daily intake of available P (Figure 1) . The metatarsal-metacarpal breaking strength, when linearly regressed on available P intake, provided an excellent fit ( r 2 = .999), as did the femur breaking strength ( r 2 = .996j. The bone strengths of the pigs fed the four levels of phytase also were plotted against available P intake, assuming .048% available P (15% of the total P ) in the basal diet and 1.00% available P (70% of the total P ) in the phytase supplement ( Figure   1 ). The aFive replications of four pigs per pen for performance data; five replications of three barrows per pen for bone data.
h h e grower diets were fed from 38.2 to 57.0 kg BW and the finisher diets were fed thereafter to 101.2 kg BW. CEffect of P level ( P < .01). dP level x phytase interaction ( P < .01).
eEffect of phytase ( P < .01).
available P intake then was re-estimated from the standard curve. For example, pigs fed phytase at 250 phytase unitdg consumed 4.44 g/d of total P and, if phytase had not been present, .72 g/d of available P (Table 5 ) . But the metatarsal-metacarpal strength of these pigs, compared with the standard curve, indicated that .95 g/d of available P was consumed. Therefore, the availability of the P was increased from 16% in the basal diet to 21% as a result of the added phytase, a 5 percentage point increase. Based on a n average of the estimates obtained from the metacarpal-metatarsals and the femurs, the four levels of phytase (250, 500, 1,000, and 2,000 unitskg) increased the bioavailability of P in the basal diet to 20, 23, 28, and 39%, respectively, or increases of 4, 5 , 8, and 15 percentage units above the basal levels of available P (Table 5 ) . Expressed another way, the four levels of phytase made available an average of 4, 7, 10, and 20%, respectively, of the previously unavailable P in the corn-soybean meal blend (Table  5 ) .
Apparent absorption of dietary P increased linearly ( P .O 1) with increasing levels of supplemental inorganic P (Table 6 ). Absorption of P also increased ( P < .O 1) when phytase was added, and the responses due to increasing levels of phytase were linear ( P < .01). The amount of P excreted in the feces increased as level of inorganic P increased (linear, P < .01).
Supplemental phytase
did not affect the absolute amount of P that was excreted in the feces, except for a small numerical decrease at the highest level of supplementation; however, it resulted in a reduced percentage of the dietary P that was excreted in the feces ( P < .01).
Discussion
Phytate is the primary storage form of P in almost all plant seeds (Cosgrove, 1966) . Approximately 66% of the P in corn and 61% of the P in soybean meal is in the form of phytate (Nelson et al., 1968) . The phytase bProvided by monosodium phosphate (22.4% P) in the second and third diets and by the phytase supplement (1.43% P) in the last four diets.
CAssumes that the P in corn, soybean meal, monosodium phosphate, and the phytase supplement is 12, 25, 100, and 70% available, respectively. The calculated available P in the diets containing phytase does not take into account any improvement in P availability resulting specifically from the activity of the phytase enzyme. dLinear effect of added P from monosodium phosphate ( P .01).
eBasal vs added phytase ( P < .01). fBasal vs added phytase ( P < ,051. gLinear effect of added P from monosodium phosphate ( P < .05). hLinear effect of phytase level ( P < .01). enzyme hydrolyzes phytate to yield inositol and orthophosphates, with inositol penta-t o mono-phosphates as intermediary products (Reddy et al., 1982) . Pigs have very little active phytase in the gut, so they must rely on endogenous phytase, found in wheat and certain other small grains, or on a supplemental source of the enzyme; otherwise, most of the P in phytate is not utilized and is ultimately excreted in the feces. Ruminants effectively utilize phytate P because of the phytase produced by their ruminal microorganisms (Reid et al., 1947) . Mutant strains of AspergiZZus spp. that produce relatively large amounts of phytase have been identified (Newman, 19911 , and some are commercially available as dietary supplements for nonruminants.
MC-MT Breaking Strength Regressed on Available Phosphorus Intake
The inability of the pig to efficiently utilize the P from a combination of corn and soybean meal was clearly evident in this study. Pigs fed diets containing only P from these ingredients grew at a slower rate, were less efficient in converting feed to weight gain, and had reduced bone mineralization. From previous research at our station, we estimate that approximately 10 to 15% of the P in corn and approximately 
20
Based on femur Averageh aTotal dietary P (percentage) x daily feed intake (gramdday). bTotal P intake x (15% availability of P in corn-soybean meal and 70% availability of P in phytase supplement). CTotal P intake -available P intake (i.e., 4.44 -.72 = 3.72). dBased on the standard curve developed for monosodium phosphate. eTotal P intake -available P intake (i.e., 4.44 -.95 = 3.49). fAvailable P intakekotal P intake x 100 (i.e., 9514.34 x 100 = 21%). gAdditional available P intake/original unavailable P intake x 100 (i.e., 1.95 -.721/3.72 x 100 = 6%). hAverage of metacarpal-metatarsals and femurs. 'i.e., 20 -16 = 4. 
B
aThe added P in the second and third diets is from monosodium phosphate and in the other diets is from the phytase supplement. bLinear effect of P from monosodium phosphate ( P < .01).
CBasal vs phytase ( P < .01). dLinear effect of phytase level ( P < .01).
eLinear effect of P from monosodium phosphate ( P < ,051.
25% of the P in dehulled soybean meal ( o r approximately 15% of the P in a corn-soybean meal blend) is biologically available to pigs (Crornwell, 1992) . Thus, of the .30 to .32% total P in the corn-soybean meal blend, only approximately .05% is available P (.32 x 15% = .048%). This is considerably less than the estimated available P requirement of .23 and .15% for pigs from 20 to 50 kg and from 50 to 110 kg BW, respectively (NRC, 1988) . The phytase product used in the present experiment seemed to be effective in improving the utilization of P in corn and soybean meal. In the growing-finishing trial (Exp. l ) , the responses to the phytase supplement (500 phytase units/kg) were of a magnitude similar to that observed in a previous trial involving growing-finishing pigs (Cromwell et al., 1993b) in which diets having similar P levels were supplemented with 500 or 1,000 phytase unitskg. Similar observations of improved P utilization with phytase supplementation have recently been reported with phytase from mutant (Lei et al., 1993a,b; Young et al., 1993) or recombinant-derived phytase (Jongbloed et al., 1992; Cromwell et al., 1993a Cromwell et al., , 1994 Mroz et al., 1994) . Some of the response t o the phytase supplement used in the current experiment can be attributed to the P that was contributed by the product. Because the supplement had a low concentration of phytase (50 phytase unitslg), relatively high dietary levels are needed to achieve adequate levels of phytase activity. For example, to achieve a dietary level of 500 phytase unitskg, a supplemental level of 1% was required. At the highest levels of supplementation in our study (2,000 unitskg), the supplement supplied nearly .06% additional P. This P was assumed to be highly available (70%) based on the study by Burns and Baker (1976) , who reported that the P in single-cell (yeast) protein was 70% available to the chick. In previous studies, we estimated that 1,000 phytase unitskg of phytase from mutant or recombinant Aspergillus niger increased the bioavailability of P in corn and soybean meal by about threefold, or from 15% (without phytase) to approximately 45% (with phytase) in corn-soybean meal diets (Cromwell et al., 1993a,b) . In the present experiment, this same level of phytase improved P bioavailability by only 8 percentage units, from 20 to 28%. When phytase was increased to 2,000 unitskg, the estimated P bioavailability increased to 39%, but this was only 15 points higher than the basal level of 23%. Also, in the previous studies, we found that the microbial phytase a t 1,000 unitskg converted approximately one-third (33 %) of the unavailable P in corn-soybean meal to an available form. However, in the current study, only 10% of the unavailable P was made available at this phytase level (1,000 phytase unit/kg), and only 20% was made available at the highest level of phytase supplementation (2,000 phytase units/kg). These results suggest that the more dilute phytase used in this study was less effective than the phytase used in our previous trails in converting phytate P to a utilizable form.
The addition of graded levels of phytase resulted in a linear ( P < .O 1) increase in the apparent absorption of dietary P, which agrees with results of previous studies (Simons et al., 1990; Jongbloed et al., 1992; Cromwell et al., 1993a; Lei et al., 1993a,b; Young et al., 1993; and Mroz et al., 1994) .
However, fecal excretion of P was not reduced in pigs fed phytase in the present experiment (except for a numerical decrease at the highest level of phytase), which is not in agreement with results of previous studies. The reason that this source of phytase did not decrease the daily fecal P in this experiment is due t o a greater intake of P in pigs fed the phytase diets, partially due to the additional P that was contributed by the phytase supplement, and partially due to a greater feed intake per se by pigs fed the phytase diets. The phytase addition, however, did result in a linear ( P < .O 1) decrease in the percentage of the dietary P that was excreted in the feces by pigs, from 95% in the controls to 82, 79, 73, and 67% for pigs consuming diets with 250, 500, 1,000, and 2,000 phytase unitskg. A reduction in fecal P is an important aspect, because P is considered an environmental pollutant, which is of particular importance in areas of the world where land and water resources are scarce and livestock population density is high (Cromwell and Coffey, 1991) .
Implications
These results show that microbial-derived phytase (from Aspergillus niger) was moderately effective in improving the utilization of phytate phosphorus in corn and soybean meal by pigs. Improvements were observed with up to 2,000 phytase units per kilogram, but some of the improvements were attributed to the highly available phosphorus contributed by the phytase supplement. Supplementing low-phosphorus diets with phytase improved phosphorus absorption but did not consistently decrease the amount of phosphorus excreted in the feces.
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